A B S T R A C T During phagocytosis, neutrophils take oxygen from the surrounding medium and convert it to superoxide anion (O°) and hydrogen peroxide (H202). Hydroxyl radical ( OH), a particularly potent oxidant, is believed to be produced by interaction between O2 and H202 in the presence of iron, according to the Haber-Weiss reactions. Production of OH by whole human neutrophils, by particulate fractions from human neutrophils disrupted after stimulation, and by a xanthine oxidase system was measured by conversion of a-keto-y-methiol butyric acid to ethylene. FeCl3 or ferric EDTA enhanced ethylene production in all three systems by 155-406% of base line at a concentration of 50-100 ,uM. Iron-saturated human milk lactoferrin, 100 nM, increased ethylene generation by 127-296%; and purified human neutrophil lactoferrin, 10 nM, enhanced ethylene production by 167-369%. Thus, iron bound to lactoferrin was -5,000 times more effective in producing an enhancement in ethylene generation than iron derived from FeCl3 or ferric EDTA. 02 and H202 were required for ethylene production in the presence of lactoferrin, since superoxide dismutase inhibited ethylene formation in the three systems by 76-97% and catalase inhibited by 76-98%. Ethylene production in the presence of lactoferrin was inhibited by the OH scavengers mannitol, benzoate, and thiourea by , and 76-96%, respectively. Thus, most of the ethylene production could be attributed to oxidation of a-keto-y-methiol butyric acid by OH. The ability ofneutrophil lactoferrin to provide iron efficiently to the oxygen radical-generating systems is compatible with a role for lactoferrin as regu-
INTRODUCTION
Neutrophils that are actively phagocytosing consume oxygen and convert it to superoxide anion (02) and hydrogen peroxide (H202) (1) . In chemical systems, these two oxygen compounds are believed to interact to form hydroxyl radical (-OH), one of the most potent oxidants known (2) , as summarized by the following reaction:
02 + H202-OH + OH-+ 02 (1) Although this reaction is thermodynamically possible, it probably occurs too slowly to be of relevance in biological systems (3) . In chemical systems, iron can increase the rate constant of this interaction to about 1,000 M-'s-', a level at which this reaction could have biologic significance (3) . This interaction, originally described by Haber and Weiss (4) , can be summarized in the following equations:°2 + Fe+++ -*02 + Fe++ Fe+++ H202-* Fe+++ + OH + OH-(2) (3) Evidence for the generation of *OH by actively phagocytosing cells has been presented (5) (6) (7) (8) (9) (10) . Previous observations indicated that phagocytic killing of bacteria by human neutrophils could be inhibited by superoxide dismutase (SOD),' which removes°2 and by catalase, which removes H202 (5) . This sug- ' Abbreviations used in this paper: BSA, bovine serum albumin; KMB, a-keto-y-methiol butyric acid: KRP-D, KrebsRingers phosphate buffer with dextrose; LF, lactoferrin; PBS, phosphate buffered saline; PMA, phorbol myrisate acetate; Rf, relative migration index; SOD, superoxide dismutase. gested that the important bactericidal species was neither O2 nor H202, but rather, a product of their interaction. Inhibition of phagocytic bactericidal activity by benzoate and mannitol, agents believed to scavenge -OH (2) , suggested that this product might be -OH (5) . More direct evidence for -OH formation during phagocytosis has been provided by studies based on its interaction with methional or a-keto-ymethiol butyric acid (KMB) to form ethylene (6) (7) (8) , with dimethyl sulfoxide to produce methane (9) , and with 5,5-dimethyl-l-pyrroline-N-oxide to form a specific adduct identified by electron spin resonance (10) . In addition, a 27,000 g particulate fraction of activated human neutrophils has been shown to produce ethylene (11) .
In the studies reported here we have demonstrated that lactoferrin (LF), an iron-binding protein found in specific granules ofneutrophils, enhances OH generation by human neutrophils, by particulate fractions of neutrophils, and by a xanthine oxidase system that generates oxygen radicals.
METHODS
Reagents. SOD, bovine serum albumin (BSA), KMB Neutrophils. Neutrophils were separated from the blood of normal human volunteers and of two patients with chronic granulomatous disease in 98% purity by dextran sedimentation and Ficoll-Hypague centrifugation (5) . The withdrawal of blood for the purposes of this study was approved by the Utilization Review Committee of National Jewish Hospital and Research Center. Contaminating erythrocytes were removed by hypotonic lysis. In some experiments, neutrophils were prepared in 85-90% purity by using only dextran sedimentation and hypotonic lysis. There was no difference between these two preparations in the amount of ethylene generated or in the inhibition by OH scavengers, and the data obtained with either was combined.
Particulate fraction. Particulate fractions were prepared from human neutrophils as described (12, 13) . Cells were stimulated by incubation with opsonized zymosan (5 mg/ml) or PMA (100 ng/ml) for 3 min at 37°C. Activation was stopped by addition of an equal vol of 0.68 M sucrose, and the neutrophils were disrupted by sonication or homogenization. This preparation was centrifuged at 100 g to remove cell debris, and the resultant supernate was centrifuged at 27,000 g for 30 min. The 27,000 g pellet was resuspended in 0.34 M sucrose and its protein content was determined (14) . No The amount of LF and myeloperoxidase (MPO) in the particulate fraction was quantitated by radioimmunoassay (15) , using antibody donated by Dr. Barbara Bentwood, and by interaction with o-dianisidine (15) , respectively. In the presence of 0.1% Triton X-100, MPO activity was 57+3 U/ILg protein (mean±SEM, n = 11); however, in the absence of Triton X-100 <5% of this activity was measured. Therefore, the MPO present in the particulate fraction appears largely unavailable for interaction with oxygen radicals. In the presence of Triton X-100 LF concentration was 210+10 4g/mg protein (mean±SEM, n = 3).
Preparation of LF. Neutrophil LF was purified from neutrophils isolated in 98% purity by a modification of described techniques (16, 17) . Cells were diluted in 0.1 M sodium phosphate buffer, pH 8.0, with 1 M NaCl, to a concentration of 1.5 x 108/ml and then disrupted by freezing and thawing six times using an ethanol-dry ice bath. This preparation was centrifuged at lOOg for 15 min, and the supemate was centrifuged at 125,000g for 120 min. The resultant supemate was dialyzed against 0.01 M phosphate buffer, pH 7.0. This preparation was placed on a column of DEAE-Sephadex A-25 (Pharmacia Fine Chemicals, Inc., Piscataway, N. J.) and washed with buffer until the effluent was free of protein measured by absorbance at 280 nm. Neutrophil LF was eluted from this column with a salt gradient of 0-0.8 M NaCl in 0.01 M phosphate buffer, pH 7.0. Neutrophil LF was identified by radioimmunoassay (15) , and the fractions containing neutrophil LF were filtered over Bio-Gel P-150 or Sephadex G-200. The amount ofneutrophil LF in the final preparation was determined by radioimmunoassay (15) . Both neutrophil and milk LF exhibited no myeloperoxidase activity as measured by interaction with o-dianisidine (15) .
The purity of LF was assessed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (18) . In neutrophil LF preparations a majority of the protein was in one band with a relative migration index (Rf) of 0.27. There was also a faint band of Rf value of 0.31. In milk LF preparations the majority of protein was in a band with Rf 0.28, and there were minor protein bands at 0. 35 An affinity column for LF was made by cyanogen bromide coupling of rabbit anti-human LF (Bio-Rad, Laboratories, Richmond, Calif.) to Sepharose 6B (19) . Neutrophil LF preparation was passed over the column and washed with phosphate-buffered saline (PBS), pH 7.4. The LF was eluted with 3.5 M sodium thiocyanate (J. T. Baker Chemical Co.) in 0.01 M tris buffer, pH 7.2. A small protein peak appeared in the PBS wash that produced no enhancement of ethylene production in the xanthine oxidase system. The protein eluted with thiocyanate, after dialysis against PBS and suspension to the volume of the original preparation, produced enhancement in ethylene production comparable to that achieved by the original preparation. In addition, this latter protein peak produced a single band on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Thus, it appeared that neutrophil LF, not the minor contaminant of the preparation, is responsible for the enhanced ethylene production described here.
Milk LF and neutrophil LF were saturated with iron by the technique of Broxmeyer et al. (20) . After addition of enough 10 mM ferric citrate to saturate LF, the mixture was allowed to sit at room temperature for 30 min, then dialyzed overnight at 4°C in PBS, with frequent changes in dialysis buffer. Unsaturated LF was dialysed against PBS as control. Iron saturation ofLF was determined qualitatively by examining change in absorbance at 450 nm (21) . Iron-poor LF from either source exhibited no absorbance at this wavelength, whereas saturation of LF with iron resulted in a measurable increase in absorbance. The extent of saturation was determined quantitatively by labeling studies that measured the amount of 59Fe bound to a known amount of protein. These studies indicated that both LF preparations were fully saturated with iron (neutrophil LF 117± 16% saturated; milk LF 122±15% saturated; mean+SEM, n = 3). Saturation of LF was performed by several other techniques using FeCl3 and trisodium nitrilotriacetate (22) or excess citrate (23) . These exhibited similar results to previously mentioned techniques in spectrophotometric studies and enhancement of ethylene generation in the xanthine oxidase system. Iron-poor transferrin was made iron-saturated by this same technique (20) . Desferrioxamine was saturated by incubation with an equimolar quantity of FeCl3. Ferric EDTA was prepared as described (24) .
Measurement of ethylene production. Generation of -OH by neutrophils, particulate fractions and a xanthine oxidase system was measured by its interaction with KMB to form ethylene. For whole cells, the 10-ml glass reaction vial contained 1 mM KMB and 2.5 x 106 neutrophils in Krebs-Ringers phosphate buffer pH 7.34 with 20 mg/ml dextrose (KRP-D) to make a 2.5-ml reaction vol. The vial was stoppered, and 1.0 mg of opsonized zymosan was introduced. Vials were incubated at 37°C for 60 min in a shaking water bath. Unstimulated (resting) neutrophils or stimulated neutrophils from patients with chronic granulomatous disease generated 0-13% as much ethylene as activated neutrophils. Maximal ethylene generation was highly dependent on cell concentration, the optimum being 1 x 106 cells/ml. At this concentration ethylene generation had a linear, direct relationship with cell number.
The amount of ethylene produced by neutrophils was also quantitated in iron-depleted solutions. Distilled water was extracted repeatedly with dithizone (Sigma Chemical Co.) dissolved in carbon tetrachloride (25) until no color change was noted. Excess carbon tetrachloride was removed by boiling. Phosphate buffers were made with this water and then re-extracted with dithizone. Lysis solutions and KRP-D were prepared from iron-free water and phosphate buffers. Cells were isolated with the iron-depleted solutions in glassware washed with 1 M nitric acid, then rinsed with iron-depleted distilled water. No difference in the amount of ethylene generated was observed between cells isolated in regular solutions compared to those isolated in iron-depleted media either resting or after stimulation with opsonized zymosan.
The 27,000g pellet of disrupted human neutrophils has previously been shown to produce oxygen radicals (11) (12) (13) this system, the amount of ethylene generated was <1% ofthat produced by 0.1 mM NADPH, but ethylene production could easily be detected at NADH concentrations of 0.2 mM or higher. Ethylene generation was also dependent on the concentration of particulate fraction, the optimum being 0.1 mg protein/ml. Ethylene production varied linearly with amount of particulate fraction at this concentration.
For the chemical generating system, 100 mU of xanthine oxidase was added to a stoppered reaction vial containing 0.1 mM EDTA, 1 mM KMB, 5 mM acetaldehyde, and 0.05 M phosphate buffer, pH 7.8, to a vol of 2.0 ml. Ethylene production in the xanthine oxidase system was measured after incubation for 15 min at 37°C.
All reactions were terminated by addition of 1 mM Nethylmaleimide and immersion in an ice bath. Ethylene released into the vapor phase was quantitated by gas chromatography (26) . In each experiment ethylene production was determined as the difference between that generated by the complete system, including FeCl3, ferric EDTA, or LF, and that generated by the system minus the activator (opsonized zymosan, NADPH, or xanthine oxidase). In all experiments, the activatorless systems produced -10% of the ethylene generated by the complete systems. Assays for ethylene were performed in duplicate or triplicate.
Specificity of KMB-ethylene system. Production of -OH by phagocytic cells has been measured by techniques based on the principle that -OH interacts with a chemical compound to produce a second chemical species that can be quantitated (6) (7) (8) (9) (10) (11) . The specificity of each method depends upon the specificity of the interaction of -OH with the compound. Since the specificity of such interactions is not absolute, further characterization of these detection systems according to the model of the Haber-Weiss reactions (Eqs. 2 and 3) should depend on demonstrating a requirement for both O2 and H2O2 by demonstrating inhibition of the expected product by SOD and catalase. In addition, generation of this product should be inhibited by scavengers of -OH such as mannitol, benzoate, and thiourea, which have a higher rate constant for interaction with -OH than does the detecting compound (2, 27, 28) .
The system described here for measuring OH depends on its interaction with KMB to form ethylene. However, it is possible that other radicals interact with KMB.°2 reacts weakly with methional (29) , and perhaps it may react with KMB, a related compound. Klebanoff and Rosen have raised the possibility that ethylene production from KMB in the MPO H202-halide system may be the result of singlet oxygen, not OH (8) . With all three generating systems described here, however, ethylene generation was dependent on the presence of°2 and H202, since SOD (12 ,ug/ml) inhibited 87-93% and catalase (250 ,g/ml) inhibited 78-88% (numbers represent the means of three to five experiments with each inhibitor in each of the three systems). The effect of heat-inactivated enzymes was 4-24% inhibition for SOD and 0-17% inhibition for catalase. The nonspecific protein effect of BSA (250 ,ug/ml) caused 8-22% inhibition. Specific OH scavengers, 50 mM mannitol, 20-50 mM benzoate, and 1 mM thiourea (27, 28) inhibited ethylene production by 50-72, 53-82, and 74-95%, respectively. These scavengers at these concentrations did not inhibit production of°2 by phagocytosing neutrophils, measured as described (5) . Urea, which is structurally similar to thiourea but does not react with -OH (28), did not inhibit ethylene production. Thus, in all three systems, the majority of ethylene production from KMB was related to -OH or a powerful oxidant (e.g., -OR) with characteristics similar or identical to OH. For the sake of simplicity, we use the term OH for this oxidant in this paper.
RESULTS
In the three oxygen radical-generating systems, LF purified from human milk or neutrophils, when saturated with iron, enhances ethylene production (Table I) . Unsaturated LF from either source showed no stimulatory effect. Enhancement ofethylene production by LF was a concentration-dependent phenomenon (Fig. 1) . The optimal concentration in particulate fractions and xanthine oxidase systems was 100-200 nM for milk LF (Fig. 1A and B) . Because each molecule of LF binds two molecules of iron (16, 21) , this concentration delivered 200-400 nM iron to the reaction mixture. The optimal concentration of neutrophil LF in both systems was 10 nM (Fig. 1C and D) , which delivered 20 nM iron to the reaction. Unsaturated LF from either source showed slight inhibition of ethylene production at higher concentrations (Fig. 1) . Iron-saturated LF from milk, or neutrophils at 100 and 10 nM concentrations, had no effect in all three systems on°2 production, measured as SOD-inhibitable reduction of cytochrome c (5) (two or three experiments in the presence and absence of the activator for the system).
As predicted by the Haber-Weiss reactions, iron enhanced ethylene production in the oxygen radicalgenerating systems. Results with FeCl3 and ferric EDTA are shown in Table I . This was a concentrationdependent phenomenon, optimal enhancement being achieved with 50 AM for neutrophils and 100 ,uM for particulate fractions and the xanthine oxidase system (data not shown). FeCl3 and ferric EDTA at a concentration of 200 nM had no effect on ethylene production (Table I) . Thus, the concentration of FeCl3 or ferric EDTA required to give an optimal increase in ethylene production, an increase comparable to that achieved with LF, was 500-5,000 times the iron concentration delivered to the generating system by LF. In addition, the greater efficiency of iron-saturated LF at enhancing ethylene production was not due to a nonspecific iron-protein interaction since ethylene generation was not altered in any of the systems when 200 nM FeCl3 and 100 nM BSA were added together to the reaction (data not shown). The difference in results with FeCl3 and ferric EDTA may be related to the availability of iron for the production of OH. At neutral pH, FeCl3 is hydrolyzed to form insoluble hydroxides; ferric EDTA does not form insoluble complexes (30) . Enhancement to a similar extent was shown in all three systems with ferrous iron (ferrous sulfate), as predicted by the Haber-Weiss reactions.
The effect of other iron-containing compounds on ethylene formation was studied with the particulate fractions and xanthine oxidase system (Table II) . In both systems iron-saturated transferrin increased Milk LF, iron-poor (100 nM) 84+22 (3) 82±+13 (3) 76+5 (3) Milk LF, iron-saturated (100 nM)
Neutrophil LF, iron-poor (10 nM) 87±+13 (3) 89+4 (3) 120+6 (3) Neutrophil LF, iron-saturated (10 nM)
FeCl3 (200 nM)
100+2 (3) 103+7 (3) 105±3 (3) FeCl3 (50-100 AM)
155±+10 (6) ethylene production significantly. With particulate fractions, unsaturated transferrin, ferritin, and ironsaturated desferrioxamine, a nonprotein siderophore with high specific affinity for iron (31) , had no significant effect on increasing ethylene generation. In the xanthine oxidase system, ferritin and iron-saturated desferrioxamine exhibited a slight but significant enhancement of ethylene generation. Ferritin, which contains a variable amount of iron (32) , provided the reaction mixtures with 100-300 mM iron, and desferrioxamine provided 100 nM iron. The effect of scavengers of oxygen metabolites on the ethylene production obtained with LF is shown in Table III . SOD inhibited 96-97% with neutrophils, 90-91% with particulate fractions, and 76-87% with xanthine oxidase. Catalase reduced LF-enhanced ethylene production by 76-86% with neutrophils, 84-96% in particulate fractions and by 88-98% in the xanthine oxidase system. BSA showed minimal inhibition (0-20%). With the three OH-generating systems, inhibition with -OH scavengers was 43-85% with mannitol, 45-94% with benzoate and 76-96% with thiourea. Urea had no appreciable inhibitory effect. Thus, the majority of the LF-enhanced ethylene production could be related to -OH generation.
DISCUSSION
The role of iron in enhancing production of OH was first suggested by Haber and Weiss (4) , and has been subsequently confirmed in chemical generating systems (3, 33, 34 (35) . LF has a mol wt of -90,000, and each molecule of LF binds two molecules of iron with high affinity (16, 21, 36) . In contrast to transferrin, this affinity remains high at low pH (36) , and these two proteins are immunologically distinct (37) . Transferrin, when (3) 3±3 (2) 1+1 (3) 10± 10 (3) 13±4 (4) BSA (250 jig/ml)
7±5 (2) In the hematopoietic system, LF is found almost exclusively in the specific granules of neutrophils (22, (38) (39) (40) . It is released both into the phagolysosome and outside the cell during phagocytosis (40) . Previous reports have suggested that LF may play a role in neutrophil bactericidal activity. Several patients have been described who had repeated infections and whose neutrophils lacked LF or specific granules (41) (42) (43) (44) (45) . Wang-Iverson et al. have shown a defect in bactericidal activity at high bacteria-to-cell ratios with neutrophils depleted of specific granules and LF by pretreatment with PMA (46) .
In addition to an antimicrobial function, LF may play a role in tissue damage related to inflammation. LF is found in abundance in areas of inflammatory reaction such as exudates of arthritic joints (47) and bronchial secretions of patients with chronic pulmonary inflammation (48) . Oxygen radicals have been implicated in the pathogenesis of inflammation (49) . Thus, LF, released together with°2 and H202 at an inflammatory site, could promote formation of the particularly potent oxidant, OH, with a resultant tissue injury.
Enhancement of OH production in our systems depended on saturation of the LF with iron. Although it has been reported that LF isolated from neutrophils is relatively iron-poor, the isolation process may leach iron from the protein. In fact, we found that partially purified LF, when saturated with 59Fe, lost this iron during simple purification procedures. However, if LF were poorly iron-saturated when released into the phagocytic vacuole, it might obtain iron from the internalized milieu or from the microbe itself. Chang showed that 131I-labeled albumini added to a phagocytic reaction medium was taken tip by phagocytes during ingestion of starch particles (50) . Thus, substances in the environment might be internalized during phagocytosis and serve as sources of iron for LF. One particularly interesting possibility in this regard would be transferrin, which, in contrast to LF, releases bound iron readily as the pH drops to levels easily achieved in the phagocytic vacuole (pH 5-6) (51). In preliminary experiments, there was a change in the absorbance spectrum for LF and transfer of 59Fe to LF detectable after dialysis of iron-saturated transferrin (inside dialysis bag) against iron-free LF (outside). There was a significant transfer of iron to LF, especially at lower pH (pH 5). In similar experiments using Escherichia coli as a source of iron (inside the bag), transfer ofiron to unsaturated LF was also documented. Repine et al. (52) have reported that bactericidal activity of an H202 system was related to iron from the bacteria and was inhibited by scavengers of OH, supporting the hypothesis that iron may be obtained from the phagocytosed microorganism.
On the basis of the reports supporting a role for specific granules in microbicidal activity of the neutrophil, the abundance of LF in specific granules (39, 40, 42) , and our data showing that LF enhances -OH production we would hypothesize that LF could play an important role as regulator of OH production during phagocytosis. During ingestion,°2 and H202 are released into the vacuole with the captured microorganisms, and the pH within the vacuole decreases. Fusion of specific granules with the phagolysosome results in release of LF into the phagocytic vacuole. The released LF might contain iron or, especially at low pH, iron might be obtained from the internalized milieu of the phagocytic vacuole or the microbe itself. Localization of iron-containing LF in the vacuole with the microbe would result in efficient generation of -OH and, presumably, more effective antimicrobial activity.
